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Abstract 

Background: Activation of microglia, the primary component of the innate immune response in the brain, is a 
hallmark of neuroinflammation in neurodegenerative disorders, including Alzheimer's disease (AD) and other 
pathological conditions such as stroke or CNS infection. In response to a variety of insults, microglial cells produce 
high levels of inflammatory cytokines that are often involved in neuronal injury, and play an important role in 
the recognition, engulfment, and clearance of apoptotic cells and/or invading microbes. Secreted phospholipase 
A 2 -IIA (sPLA 2 -IIA), an enzyme that interacts with cells involved in the systemic immune/inflammatory response, 
has been found up-regulated in the cerebrospinal fluid and brain of AD patients. However, despite several 
approaches, its functions in mediating CNS inflammation remain unknown. In the present study, the role of 
sPLA 2 -IIA was examined by investigating its direct effects on microglial cells. 

Methods: Primary and immortalized microglial cells were stimulated by sPLA 2 -IIA in order to characterize the 
cytokine-like actions of the phospholipase. The hallmarks of activated microglia analyzed include: mitogenic 
response, phagocytic capabilities and induction of inflammatory mediators. In addition, we studied several of the 
potential molecular mechanisms involved in those events. 

Results: The direct exposure of microglial cells to sPLA 2 -IIA stimulated, in a time- and dose-dependent manner, 
their phagocytic and proliferative capabilities. sPLA 2 -IIA also triggered the synthesis of the inflammatory proteins 
COX-2 and TNFa. In addition, EGFR phosphorylation and shedding of the membrane-anchored heparin-binding 
EGF-like growth factor (pro-HB-EGF) ectodomain, as well as a rapid activation/phosphorylation of the classical 
survival proteins ERK, P70S6K and rS6 were induced upon sPLA 2 -IIA treatment. We further demonstrated that the 
presence of an EGFR inhibitor (AG1478), a matrix metalloproteinase inhibitor (GM6001), an ADAM inhibitor (TAPI-1), 
and a HB-EGF neutralizing antibody abrogated the phenotype of activated microglia induced by the sPLA 2 -IIA. 

Conclusion: These results support the hypothesis that sPLA 2 -IIA may act as a potent modulator of microglial 
functions through its ability to induce EGFR transactivation and HB-EGF release. Accordingly, pharmacological 
modulation of EGFR might be a useful tool for treating neuroinflammatory diseases characterized by sPLA 2 -IIA 
accumulation. 
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Background 

Microglial cells are considered as central nervous system 
(CNS)-resident professional macrophages. They con- 
stantly survey the brain parenchyma and react immedi- 
ately to changes in the microenvironment, becoming 
readily activated in response to infection or injury [1]. 
They may play a dual role, participating in host defense 
of the brain and tissue repair, as well as acting as phago- 
cytes to engulf tissue debris and dead cells. However, 
microglia can also contribute to the establishment or 
exacerbation of tissue damage depending on the type or 
intensity of the harmful stimulus. 

Cerebral ischemia and other neurodegenerative disor- 
ders such as Alzheimer's disease (AD), Parkinsons 
disease, and multiple sclerosis, among others, are asso- 
ciated with proliferation and activation of microglia 
[2-6]. The activated microglia undergo dramatic mor- 
phological changes, from a resting ramified form to an 
activated amoeboid shape, and secrete a host of immu- 
nomodulatory and neurotoxic factors. Whilst significant 
advances have been made to identify the contribution 
of the cytotoxic agents released from microglia to the 
neurodegenerative process, it is less clear and remains to 
be determined which factors trigger microglial activation 
in these various disorders. 

In neurodegenerative diseases such as Alzheimer's, for 
example, players involved in the inflammatory process 
include S100a9, p-amyloid peptides (Ap), macrophage 
colony-stimulating factor and acute-phase proteins such 
as C-reactive protein, amyloid P and secreted phos- 
pholipase A 2 -IIA (sPLA 2 -IIA), among others [2,7-12]. 
Recent studies have revealed that S100a9, Ap and 
macrophage colony-stimulating factor themselves can 
promote the reactivity of microglia to enhance their 
neurotoxicity. However, any role that sPLA 2 -IIA might 
play in microglia activation is still unknown. 

Secreted phospholipases A 2 represent a family of 
eleven low molecular mass, calcium- dependent lipolytic 
enzymes. They catalyze the hydrolysis of the sn-2 ester 
bond of glycerophospholipids present in cell membranes 
to form essential cell-signaling molecules. They are 
widely distributed in human tissues including brain, 
where their specific function is still largely unclear 
[13,14], although current evidence suggests that sPLA 2 s 
may affect some neuronal functions, such as neuritogen- 
esis, neurotoxicity, neurotransmitter release and survival 
[15-20]. Different levels of sPLA 2 activity have been 
found in various regions of the central nervous system 
in both humans and rodents, and the subtypes identified 
include sPLA 2 -IIA, HQ HE, II, V, X and XII. 

Secreted PLA 2 -IIA (sPLA 2 -IIA) was first identified in 
synovial fluid, and then characterized as an acute-phase 
protein under the transcriptional control of pro- 
inflammatory cytokine signaling [21]. Later on, its presence 



in tears was reported and it came to be considered a 
powerful innate ocular surface barrier against Gram- 
positive bacteria [22]. Its serum levels dramatically increase 
under pathological conditions that involve systemic inflam- 
matory processes such as sepsis, rheumatoid arthritis, and 
cardiovascular disease (up to 1000-fold and >1 (ig/ml). 
Additionally, enhanced expression of sPLA 2 -IIA has also 
been found in certain neurological disorders and as a result 
of brain insult, it being associated with CNS injuries such 
as cerebral ischemia or mechanical damage to spinal cord 
tissue [18,23-26]. Recent reports have shown it to be up- 
regulated in both cerebrospinal fluid and brain of patients 
with Alzheimer's disease. In fact, increased immunoreactiv- 
ity for sPLA 2 -IIA has been reported in reactive astrocytes 
of the cortex and hippocampus (restricted mainly to the 
dentate gyrus and CA3 field) around Ap-containing pla- 
ques [11,12]. 

sPLA 2 -IIA, as well as other sPLA 2 subtypes, can also 
exert various biological functions and transduce signals 
independently of their catalytic activity through recep- 
tors or binding proteins such as M-type receptor, factor 
Xa, integrin avp3 and a4pl, heparan sulfate and proteo- 
glycans, etcetera [27-31]. Indeed, it has been reported 
that sPLA 2 -IIA influences survival of some cellular types 
within the CNS including oligodendrocytes and neurons, 
independently of its catalytic activity [19,24]. 

In this study, we provide data demonstrating the func- 
tional consequences of microglial cell exposure to the 
activating agent sPLA 2 -IIA. We have measured prolifera- 
tive responses, phagocytic capabilities and synthesis 
and release of several molecules with pro- inflammatory 
activities, for example, tumor necrosis factor-a (TNFa) 
and cycloxigenase-2 (COX-2), as indices of microglial 
activation. In addition, we have characterized several of the 
potential molecular mechanisms involved in these events. 

Methods 

Reagents 

A CI 27 mouse fibroblast cell line, stably transfected with 
the coding sequence of sPLA 2 -IIA from human placenta, 
was kindly provided by Dr Olivier (Nancy University Hos- 
pital, Nancy Cedex, France) and used as a source of human 
recombinant enzyme (hr-sPLA 2 -IIA) in some experiments 
to ascertain specificity [32]. sPLA 2 -IIA was obtained and 
purified as described previously [33]. The absence of lipo- 
polysaccharide (LPS) in the preparation was confirmed by 
the limulus amebocyte lysate assay test in the batches used 
for the experiments. Moreover, experiments are conducted 
in the absence of fetal calf serum (FCS), which ensures that 
the effect is observed in the absence of LPS binding protein, 
necessary for the action of low concentrations of LPS. 

Bee venom sPLA 2 -III (structurally related to human 
group III) and human recombinant sPLA 2 -V were 
from Cayman (Tallinn, Estonia). Rapamycin, pyrazole 
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pyrimidine-type 2 (PP2), porcine sPLA 2 -IB, LPS, both 
anti-rabbit and anti-mouse fluorescein isothiocyanate 
(FITC) secondary antibodies, FITC-dextran and other 
chemicals were from Sigma Chemical Co. (St. Louis, 
MO, USA.). PD98059 and AG1478 inhibitors were from 
Tocris Biosciece (Bristol, UK). Policlonal anti-heparin- 
binding epidermal growth factor (HB-EGF) neutralizing 
antibody and the inhibitors GM6001, chloromethylke- 
tone (CMK) and TNFa proteinase inhibitor-1 (TAPI-1) 
were from Calbiochem (San Diego, CA, USA). Rabbit 
anti-mitogen-activated protein kinase (MAPK) was from 
Zymed Laboratories (San Francisco, CA, USA). Rabbit 
antibody phosphorylated (phospho)-ERKl/2 (Thr202/ 
Tyr204), phospho-S6 ribosomal protein (Ser235/236) 
and phospho-P70S6 kinase (Thr389) were from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). The 
Rabbit phosphor-Src (Ser473), phospho-EGF (Tyrll73), 
phospho-EGF (Tyr845), anti-actin, and COX-2 anti- 
bodies were from Santa Cruz Biotechnology Inc. (Santa 
Cruz, CA, USA). Hybond-P membrane was from 
Amersham Biosciences (GE Healthcare Europe GmbH, 
Barcelona, Spain). DMEM and the cell culture supple- 
ments, including FCS, were purchased from Gibco BRL 
(Burlington, Canada). 

Cell culture 

BV-2 murine microglia cells, a generous gift from Dr JR 
Bethea (University of Miami School of Medicine, Miami, 
Florida, USA), were cultured at 37°C in a humidified 
atmosphere of 5% C0 2 in high sucrose DMEM, supple- 
mented with lOOU/ml penicillin, 100 (ig/ml strepto- 
mycin, 50 (ig/ml gentamicin, 2 mM glutamine, and 10% 
heat-inactivated fetal calf serum (FCS). 

Primary microglia-enriched cultures were obtained 
from primary mixed glial cultures from 2- to 4-day-old 
neonatal C57BL/6 mice. To obtain mixed glial cultures, 
cerebral cortices were dissected, carefully stripped of 
their meninges, and digested with 0.25% trypsin-EDTA 
solution (Invitrogen, Life Technologies S.A., Madrid, 
Spain) for 25 minutes at 37°C. Trypsinization was 
stopped by adding an equal volume of culture medium, 
to which 0.02% deoxyribonuclease I (Sigma) was added. 
The culture medium consisted of DMEM-F-12 nutrient 
mixture supplemented with 10% FCS, 0.1% penicillin- 
streptomycin, and 0.5 (ig/mL amphotericin B (Fungi- 
zone, Invitrogen). Cells were pelleted (5 minutes, 200 g), 
re-suspended in culture medium, and brought to a single 
cell suspension by repeated pipetting followed by passing 
through a 105 [im-pore mesh. Cells were seeded at a 
density of 3.5 x 10 5 cells/ml (1.2 x 10 5 cells/cm 2 ) and 
cultured at 37°C in a 5% C0 2 humidified atmosphere. 
Medium was replaced every 5 to 7 days. Microglial cul- 
tures were prepared by the mild trypsinization method 
previously described by Saura et al. [34]. Briefly, after 



19 to 21 days in vitro, mixed glial cultures were treated 
for 30 minutes with 0.06% trypsin in the presence of 
0.25 mM EDTA and 0.5 mM Ca 2+ . This resulted in the 
detachment of an intact layer of cells containing virtually 
all the astrocytes, leaving a population of firmly attached 
cells identified as > 98% microglia. The microglial cul- 
tures were treated 24 h after isolation by this procedure. 
Experiments were carried out in accordance with the 
Guidelines of the European Union Council (86/609/EU), 
following the Spanish regulations (BOE 67/8509-12, 1988) 
for the use of laboratory animals, and approved by the 
Animal Ethics Committee of the Universidad de Valladolid. 
Cultures were found to be 99% microglia by staining with 
FITC-conjugated Griffonia (Bandeiraea) simplicifolia lectin 
I-B4 isolectin (1:100, Sigma St. Louis, MO, USA), a lectin 
that recognizes microglia, and an antibody against glial fi- 
brillary acidic protein (Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA), to identify astrocytes. 

Primary and immortalized microglial cells were 
serum-starved 24 h before the experiments, and then 
were stimulated for different times, as indicated, in the 
presence or absence of inhibitors. 

Proliferation assay 

Cell proliferation was quantified using the Promega kit, 
Cell Titer 96 R Aqueous One Solution Cell Proliferation 
Assay (Promega Corporation, Madison, Wisconsin, USA, 
according to the manufacturer's recommendations. 
Briefly, primary and immortalized BV-2 microglial cells 
were seeded in 96-well tissue culture plates and serum- 
starved for 24 h. Then, cells were treated in quadruplicate 
with the stimuli, in the presence or absence of the indi- 
cated inhibitors. After 24 h of incubation, formazan prod- 
uct formation was assayed by recording the absorbance at 
490 nm in a 96-well plate reader. The results were 
expressed as optical density (OD) values, as an assessment 
of the number of metabolically active cells. Microglia cell 
viability was also assessed by trypan blue exclusion. 

Western blot analysis 

After treatment, cells were washed twice with PBS and har- 
vested in Laemmli SDS sample buffer. Protein extracts were 
separated by SDS-PAGE and transferred to polyvinylidene 
difluoride membranes, which were incubated for 18 h at 
4°C with the indicated antibodies, including ERK 1/2, p- 
ERK1/2, p-P70S6K, p-rS6, COX-2 and actin. After washing 
with Tris-Tween buffered saline (TTBS), a 1:2.000 (v/v) di- 
lution of horseradish peroxidase-labeled immunoglobulin 
(IgG) was added at room temperature for 30 h. The blots 
were developed using enhanced chemiluminescence. 

Flow cytometric analysis 

BV-2 cells, 5 x 10 6 /flask, were treated with 1 (ig/ml of 
sPLA 2 -IIA for different periods of time at 37°C. Cells to 
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be analyzed for expression of epidermal growth factor 
receptor (EGFR) were fixed in a mixture of 4% parafor- 
maldehyde and 0.2% Triton X-100 in PBS for 15 minutes 
at room temperature, before incubation with FITC- 
conjugated anti-mouse EGFR antibody for 1 h at 4°C, as 
previously described [35]. For EGFR phosphorylation 
analysis, cells were fixed in 4% paraformaldehyde for 
15 minutes, washed with PBS, permeabilizaed with 0.3% 
Triton X-100 for 5 minutes, washed, incubated with 
anti-phospho EGFR (Tyrll73) or EGFR (Tyr845) anti- 
body for 1 h at 4°C, and then with an FITC-labelled sec- 
ondary antibody for 45 min at 4°C. After washing, the 
cells were analyzed with a Flow Cytometer (Gallios™; 
Beckman Coulter, Brea, CA, USA). Data analysis was 
performed using WinMDI 2.7 software (Scripps Institute, 
La Jolla, CA, USA). 

Induction of apoptosis 

Jurkat T cells were cultured in RPMI 1640 with 10% FBS 
at 37°C in 5% C0 2 . Apoptosis was induced in Jurkat T 
cells (10 6 cells/ml) by overnight exposure to 400 uM 
H 2 0 2 in serum-free RPMI medium. To distinguish 
between cells in the early or late stages of apoptosis, 
staining with Annexin V-FITC was combined with pro- 
pidium iodide (PrI) staining. Afterwards, cells were 
immediately analyzed by flow cytometry (Gallios™; 
Beckman Coulter, USA). Cells in the early stage of apop- 
tosis were negative for PrI but stained with Annexin V- 
FITC, whereas in the late stage apoptotic cells stained 
for both PrI and Annexin V-FITC. Jurkat T cells treated 
in this way were about 90% late-stage apoptotic cells. 

Phagocytosis assays 
Phagocytosis of particles 

Microglial cells seeded in 96-well plates or in 25-mm 2 
flasks were incubated with medium, 1 ug/ml of sPLA 2 - 
IIA, 100 Ul/ml of interferon-y (IFNy) at 37°C for 24 h, 
in the presence or absence of the indicated inhibitors. 
After 24 h, the phagocytic ability of the cells was mea- 
sured using FITC-dextran as a tracer [36]. Briefly, cells 
were exposed to 0.1 mg/ml of FITC-labelled dextran 
(MW 40,000) for 2 h. Non-internalized particles were 
removed by vigorously washing three times with cold 
PBS (pH 7.4) prior to measuring fluorescence at 480 nm 
excitation and 520 nm emission on either a Flow Cyt- 
ometer (Gallios™; Beckman Coulter, USA) or a Fluoros- 
kan multiwell plate reader (TECAN Genios Pro; Tecan 
Group Ltd, Mannedorf, Switzerland). As a background, 
the cultures without FITC-dextran were used (blank 
wells). Each culture condition was performed in quadru- 
plicate, and three independent experiments were per- 
formed. To visualize the internalized dextran, cells were 
also analyzed on a Leica TCS SP5X confocal microscope 
with a x60 oil objective. 



Phagocytosis of apoptotic cells (efferocytosis) 

Phagocytic assays were performed on BV-2 cells (effector 
cells) after 24 h incubation in the presence of the inflam- 
matory stimuli. Apoptotic Jurkat T cells were used as 
target cells. Briefly, PrI-labeled apoptotic Jurkat T cells 
were added to the BV-2 cells at a 8 to 10:1 ratio (apop- 
totic cell to BV-2) and incubated at 37°C in 5% C0 2 for 
2 h in DMEM medium. Then, BV-2 cells were washed 
gently with cold PBS and trypsinized by incubating them 
with a solution 0.25% trypsin/EDTA for 5 minutes to 
remove uningested cells. Afterwards, cells were fixed, 
stained with a PE-conjugated-CD68 antibody and ana- 
lyzed by flow cytometry. PE fluorescence was analyzed 
in FL2 (555 to 600 nm), while red fluorescence from PrI 
was analyzed in FL3 (555 to 600 nm). To quantify 
phagocytosis, PrI fluorescence was analyzed only in the 
cell populations exhibiting PE-CD68 positive staining 
(BV-2 microglia cells). The BV-2 microglia cells were 
positive for PrI fluorescence only if they had ingested 
PrI-labeled Jurkat T cells. To confirm efferocytosis, a 
Leica TCS SP5X confocal microscope was used with the 
Leica LAS AF acquisition software and a x60 oil object- 
ive. For confocal microscopy, BV-2 cells were plated 
onto 12-mm round cover slips and stained with an 
Alexa-fluor-CDllb antibody. We used 4',6'-diamidino-2- 
phenylindole hydrochloride (DAPI) to identify nuclei in 
BV-2 cells. 

Statistical analysis 

All data were expressed as the mean ± SD and analyzed 
by one-way ANOVA followed by post-hoc comparisons 
(Bonferroni test) using the GraphPad Prism Version 4 
software (San Diego, CA, USA). P < 0.05 was considered 
statistically significant. 

Results 

sPLA 2 -IIA triggers microglial proliferation 

A great deal of attention has recently focused on the 
cytokine-like actions of sPLA 2 -IIA and its input to 
inflammation-associated diseases. Having been found 
highly expressed in several CNS pathological conditions, 
we hypothesized that sPLA 2 -IIA might act as a cytokine- 
like modulator on brain-resident immune cells. To test 
this possibility, we examined whether sPLA 2 -IIA could 
induce some of the hallmarks of activated microglia. We 
used the immortalized mouse microglial cell line BV-2 
as an in vitro model to mimic the microglial activation 
observed in neurodegenerative disorders — such cells 
have been proven to reproduce the behavior of primary 
microglia and do not express endogenous sPLA 2 -IIA 
[14,37-39]. Serum-starved BV-2 cells were stimulated for 
24 h with the indicated concentrations of sPLA 2 -IIA, 
and its effect on the proliferative activity of the cells was 
evaluated with a colorimetric assay. Our results revealed 
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that sPLA 2 -IIA markedly stimulated cell proliferation in 
a dose-dependent manner and reached a 3-fold increase 
(P < 0.001) when stimulated with 0.5 ug/ml of sPLA 2 - 
II A, as compared with unstimulated cells (Figure 1A). 
The dose inducing the maximal change, 1 ug/ml, was 
used for all subsequent experiments. We also found a 
strong mitogenic response to other secreted PLA 2 s 
(1 ug/ml), as well as to the well known inducer/amplifier 
of microglia pro-inflammatory functions, IFNy (100 UI/ 
ml) (Figure IB). Furthermore, as shown in Figure 1C, 
primary microglial cultures also responded to the 
addition of sPLA 2 -IIA and IFNy with a modest but 
significant (P < 0.001) increase in cell proliferation 
(Figure 1C). 

This effect on growth was paralleled by the activation/ 
phosphorylation of key proteins involved in cell survival 
and proliferation such as ERK, P70S6K and rS6. Acti- 
vated forms of these proteins from whole cell lysates 
were monitored using specific anti-phospho antibodies 
that recognize only their activated/phosphorylated form. 
To determine whether the mTORCl pathway was 
activated following sPLA 2 -IIA stimulation, we used an 
antibody that detects phosphorylation of P70S6K on 
threonine 389, a site well known to be selectively phos- 
phorylated by mTORCl and widely used to monitor 
mTORCl activation. 

As shown in Figure ID, sPLA 2 -IIA treatment induced 
a rapid and sustained increase in ERK, P70S6K and rS6 
phosphorylation in BV-2 cells. This effect was blocked 
in the presence of specific pharmacological inhibitors, 
including PD98059 (MEK inhibitor), rapamicin (mTOR 
inhibitor) and PP2 (Src kinase inhibitor), which also 
affected the proliferative response (Figure IE, F). Thus, 
ERK and mTORCl are key components of the intra- 
cellular signals regulating cell growth. 

Involvement of epidermal growth factor receptor (EGFR) 
transactivation in sPLA 2 -IIA-enhanced microglial cell 
proliferation 

Next, we analyzed whether sPLA 2 -IIA-induced cell pro- 
liferation involves EGFR signaling, since transactivation 
of this receptor is a crucial signaling mechanism for con- 
trolling cell survival, migration and proliferation. Func- 
tional expression of EGFR in microglial cells has been 
previously described [40], and a flow cytometry analysis 
revealed that resting BV-2 cells also constitutively 
express it (Figure 2A). After that, we investigated 
whether sPLA 2 -IIA treatment caused tyrosine phosphor- 
ylation of EGFR at Tyr-845, as well as at Tyr-1173 
(a major autophosphorylation site), by using anti- 
phospho-specific antibodies and flow cytometry analysis. 
As shown in Figure 2B.a, a rapid and sustained phos- 
phorylation of EGFR at both Tyr-1173 and Tyr-845 was 
detected in BV-2 cells upon phospholipase stimulation. 



Phosphorylation of Tyr-845 is believed to stabilize the 
receptor activation loop and is required for the mito- 
genic function of the receptor, whereas phosphorylation 
of Tyr-1173 is involved in MAPK activation. In addition, 
EGFR phosphorylation in response to sPLA 2 -IIA was 
similar in extent to that observed in response to EGF 
(used as a positive control). Studies on primary micro- 
glial cells also showed EGFR phospharylation at Tyr- 
1173 upon sPLA 2 -IIA treatment (Figure 2C). These 
results indicate that sPLA 2 -IIA is able to cause transacti- 
vation of EGFR in microglial cells. 

Next, to determine whether EGFR transactivation is 
required for sPLA 2 -IIA-induced mitogenic signals, we 
pre-incubated primary and immortalized BV-2 cells in 
the presence of different doses of the selective EGFR 
tyrosine kinase inhibitor, AG 1478. We found that the 
presence of the inhibitor diminished the proliferative 
response induced by 24 h of phospholipase stimulation 
(Figure 3A, B) in a dose-dependent manner. The activa- 
tion and phosphorylation of the key signaling proteins 
ERK, P70S6K and rS6 (Figure 3C), as well as EGFR 
phosphorylation at Tyr-1173 (Figure 3D) was fully abol- 
ished in AG1478-pretreated BV-2 cells. The presence of 
AG 1478 only partially suppressed phosphorylation of 
Tyr-845 (data not shown). These findings demonstrate 
that EGFR transactivation accounted for sPLA 2 -IIA- 
promoted cell proliferation and intracellular signaling 
in microglial cells, and suggest that EGFR phosphor- 
ylation initiated by sPLA 2 -IIA requires its intrinsic kin- 
ase activity. 

Several lines of evidence have suggested that transacti- 
vation of EGFR may be mediated via metalloproteinases 
(MMP) by extracellular release of EGFR ligands, such as 
transforming growth factor (TGF), amphiregulin and 
heparin-binding EGF-like growth factor (HB-EGF), from 
the cell membrane. To identify the potential underlying 
mechanisms linking sPLA 2 -IIA-induced proliferation 
and EGFR transactivation, microglia cells were then pre- 
incubated for 30 minutes with either the general matrix 
metalloproteinase inhibitor GM6001 (commonly used to 
inhibit ectodomain shedding), the disintegrin and metal- 
loproteinase domain (ADAM) inhibitor, TAPI-1 (TNF-a 
proteinase inhibitor- 1) or the furin inhibitor CMK (uti- 
lized to block ADAM zymogens activation), and then 
challenged with 1 ug/ml of sPLA 2 -IIA for 24 h. As 
shown in Figure 4A, the mitogenic ability of the sPLA 2 - 
IIA was significant reduced, or even abolished, in the 
presence of the mentioned inhibitors. Subsequently, we 
examined the effect of these inhibitors on the phosphor- 
ylation of ERK, P70S6K and rS6 proteins. As shown in 
Figure 4B.a,b,c, pre-treatment of cells with these inhibi- 
tors completely blocked the sPLA 2 -IIA effect on the 
phosphorylation of the studied proteins. In addition, by 
flow cytometry analysis, we also found that the presence 
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Figure 1 sPLA 2 -IIA modulates proliferation in microglial cells. BV-2 cells were stimulated with different doses of sPLA 2 -IIA and 10% of FCS 
(A), or with the indicated stimuli (B). Primary microglial cells were stimulated with 1 ug/ml of sPLA 2 -IIA or 100 Ul/ml of IFNy (C). After 24 h of 
incubation at 37°C, cell proliferation was investigated and expressed as optical density (OD) values ±SD. Values are the average of three separate 
experiments in quadruplicate (*P< 0.001 vs. control cells). (D) BV-2 microglial cells were incubated with sPLA 2 -IIA for different times. Cell lysates 
were collected and subjected to western blot analysis using Abs against p-Src, ERK 1/2, p-ERK1/2, p-P70S6K, p-rS6 and actin. (E) BV-2 cells were 
treated at 37°C for 30 minutes in the presence or absence of the indicated inhibitors, and then were stimulated with 1 ug/ml of sPLA 2 -IIA. After 
24 h of incubation, cell proliferation was investigated and expressed as OD values ±SD. Values are the average of three separate experiments in 
quadruplicate {*P< 0.001 vs. control cells, **P< 0.001 vs. sPLA 2 -IIA-treated cells). (F) BV-2 cells were treated as in (D). After 15 minutes stimulation, 
whole cell lysates were extracted and protein phosphorylation was assessed by western blotting using p-ERK, p-P70S6 and p-rS6 antibodies. 
Membranes were always stained with Ponceau S as a loading control. 
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of GM6001 and TAPI-1 successfully reduced the EGFR 
phosphorylation triggered by sPLA 2 -IIA (Figure 4C). 
Interestingly, pre-treatment with the selective inhibitors 
PD98059 (25 uM) and rapamycin (50 nM), did not affect 
EGFR phosphorylation induced by sPLA 2 -IIA, whereas 
it was fully prevented by the presence of Src kinase 
inhibitor, PP2 (10 \iM) (data not shown), suggesting that 
EGFR phosphorylation can occur by multiple mechan- 
isms. We also used the highly selective inhibitor of 
MEK1/2, U0126, and we found that while ERK phos- 
phorylation induced by sPLA 2 -IIA was completely abol- 
ished by the presence of 5 and 10 uM of U0126, 
phosphorylation of EGFR both at Tyrll73 and at 845 
was not affected (data not shown). These results also 
imply that ERK and mTOR pathways are downstream 
targets of EGFR signaling. 

sPLA 2 -MA induces a proliferative response in microglial 
cells via an epidermal growth factor receptor (EGFR)- 
ligand-dependent mechanism 

Among the various EGFR ligands that could be pro- 
cessed by proteolysis, we focused on HB-EGF, because it 
is both a leading molecule linked to ligand shedding and 



EGFR transactivation, and pro-HB-EGF is a target of 
ADAMs enzymes. To determine whether HB-EGF con- 
tributes to sPLA 2 -IIA-induced cell growth and signaling 
in BV-2 cells, we first examined its cell surface expression 
by flow cytometry analysis using an ectodomain-specific 
antibody. As shown in Figure 5 A, BV-2 microglial cells 
constitutively express pro-HB-EGF and their stimulation 
with 1 (ig/ml of sPLA 2 -IIA results in a rapid 5-minute re- 
duction of its levels in the cell surface. This reduction 
in cell surface content of endogenous pro-HB-EGF, 
while completely unaffected by the presence of AG 1478 
(2.5 |iM), was fully prevented by pre-treating the cells 
with the non-selective metalloproteinase inhibitor 
GM6001 (50 uM) or the ADAMs inhibitor TAPI-1 
(10 (iM), pointing to an ADAMs-mediated mechanism by 
which sPLA 2 -IIA-treatment might cause the shedding of 
pro-HB-EGF on BV-2 cells. In addition, inhibition of the 
ERK and mTOR pathways with PD98059 or rapamicyn, 
respectively, did not alter the pro-HB-EGF cell surface 
expression levels of sPLA 2 -IIA-stimulated cells. In contrast, 
the presence of the Src kinase inhibitior PP2 completely 
blocked sPLA 2 -IIA-induced HB-EGF release. Next, we 
examined the contribution of HB-EGF shedding to 
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Figure 4 Matrix metalloproteinases inhibitors modulate the proliferative response induced by sPLA 2 -IIA in BV-2 cells. BV-2 cells were 
treated for 30 minutes at 37°C in the presence or absence of the indicated inhibitors, and then were stimulated with 1 ug/ml of sPLA 2 -IIA. 
(A) After 24 h, cell proliferation was investigated and expressed as optical density, values + SD. Values are the average of three separate 
experiments in quadruplicate (*P< 0.001 compared to control cells, **P< 0.001 compared to sPLA 2 -IIA-treated cells). (B) After 15 minutes, ERK 
1/2, P70S6 and rS6 phosphorylation were identified in the cell lysates by western blot. Membranes were stained with Ponceau S as a loading 
control. (C) Phosphorylation levels of EGFR on untreated (open black curves), 1 ug/ml of sPLA 2 -IIA-treated (open dark grey curves), and MMP 
inhibitors + 1 ug/ml of sPLA 2 -IIA-treated (open blue curves) BV-2 cells were analyzed by flow cytometry and compared with isotype controls 
(solid grey curves). Results shown are representative of three independent experiments. 



sPLA 2 -IIA-indued EGFR transactivation and signaling by 
pre-incubating the cells for 30 minutes with a polyclonal 
anti-HB-EGF neutralizing antibody, which prevents bind- 
ing of HB-EGF to the extracellular domain of the EGFR. 
As shown in Figure 5B and C, the presence of the neu- 
tralizing antibody completely prevented sPLA 2 -IIA- 
induced tyrosine phosphorylation of EGFR, ERK, P70S6K 
and rS6. Moreover, we found that the presence of 
the neutralizing antibody abrogated the ability of the 
phospholipase to enhance primary and immortalized BV- 
2 cell proliferation (Figure 5D and E). Interestingly, IFNy 
induced a mitogenic response in BV-2 cells that was also 
HB-EGF-dependent These data support the hypothesis 
that the EGFR pro-ligand HB-EGF is required for sPLA 2 - 
IIA to stimulate cell growth, and for activation of key 
intracellular signaling pathways. 

sPLA 2 -MA treatment enhances phagocytosis and 
efferocytosis in BV-2 microglia cells 

To determine whether sPLA 2 -IIA-induced changes in 
growth are extended to other functional aspects of 
microglia, we studied the effect of sPLA 2 -IIA on the 
phagocytic capacity of BV-2 cells. Microglial cells were 
exposed to sPLA 2 -IIA for 24 h, and phagocytosis assays 
were carried out by incubating activated microglial cells 
with either FITC-labeled dextran beads (as measures of 
non-specific phagoytosis) or apoptotic Jurkat cells (as 
measures of disease-relevant processes of phagocytosis). 
To quantify phagocytosis of fluorescent particles/cells a 
flow cytometer and a microplate fluorescence reader 
were used. IFNy-treated BV-2 cells were taken as the 
positive control in the above experiment. As shown in 
Figure 6A and F, cell stimulation with both sPLA 2 -IIA 
and IFNy enhanced phagocytic function in both primary 
and immortalized BV-2 microglial cells. In a parallel set 
of experiments, the effect of sPLA 2 -IIA at the optimal 
dose of 1 (ig/ml was compared with that of other 
secreted phospholipase A 2 isoforms: sPLA 2 -III, -IB or -V, 
to clarify whether the action of sPLA 2 -IIA on microglial 
phagocytosis is a general property of the sPLA 2 family. 
As shown in Figure 6B, we found that all tested phos- 
pholipases had a similar stimulatory effect on promoting 
microglial phagocytosis of dextran beads. To further 
confirm their internalization, confocal microscopy was 



used (Figure 6C). Representative confocal fluorescence 
images clearly demonstrated that the fluorescent dextran 
beads were taken up into the cytoplasm of BV-2 micro- 
glial cells. We also evaluated the uptake of FITC-labeled 
dextran beads using flow cytometry analysis (Figure 6D). 
Both sPLA 2 -IIA- and IFNy-treated BV-2 cells showed 
higher intracellular levels of the labeled dextran beads in 
comparison to untreated cells. Interestingly, the presence 
of inhibitors targeting specific upstream and down- 
stream signaling mediators of EGFR transactivation effi- 
ciently suppressed the phagocytic response induced by 
sPLA 2 -IIA (Figure 6E). Similar results were obtained in 
mouse primary microglia cells (Figure 6G). 

Next, we investigated the potential for BV-2 cells to 
engulf apoptotic cells (efferocytosis) and the effect of 
sPLA 2 -IIA in this system (Figure 7). As described in 
Methods, apoptotic Jurkat T cells were loaded with PrI 
to visualize engulfed T cells within microglial cells, and 
BV-2 cells were immunostained with CD68-PE. Jurkat T 
cells were treated for 18 h with 400 uM of H 2 0 2 and 
apoptosis was confirmed by an annexin-V assay (data 
not shown). Apoptotic Jurkat T cells were then added to 
a culture of BV-2 cells-treated under different conditions 
with a ratio of Jurkat to BV-2 cells of 8:1. After 2 h incu- 
bation, the co-culture was analyzed by flow cytometry 
to quantify cell uptake. As shown in Figure 7A, we 
observed very little phagocytosis under control condi- 
tions where BV-2 cells were resting. However Jurkat en- 
gulfment increased significantly when BV-2 cells were 
pre-treated for 24 h with 1 (ig/ml of sPLA 2 -IIA or 100 
Ul/ml of IFNy, as increasing number of microglia cells 
showed FL3-fluorescence-positive signals. In a separate 
experiment, the cells were also stained with DAPI and 
studied using a confocal microscope to visually confirm 
the ingestion of apoptotic cells (Figure 7B). The orthog- 
onal reconstruction images showed the spatial relation 
of ingested cells to the BV-2 cell nucleus (Figure 7C) 
and confirm that Jurkat cells were not merely bound to 
the cell surface. 

In subsequent experiments, we examined whether 
transactivation of EGFR is also a key step for controlling 
sPLA 2 -IIA-mediated efferocytosis. Consistent with the 
signaling mechanism recruited by the secreted phospho- 
lipase to promote proliferation of BV-2, we found that 



Martin et al. Journal of Neuroinflammation 2012, 9:154 
http://wwwjneuroinflammation.eom/content/9/1/154 



Page 11 of 20 



the presence of the selective inhibitors GM6001, CMK sPLA 2 -IIA promotes synthesis and secretion of 

and TAPI-1 also abolished the phagocytic response trig- inflammatory mediators in BV-2 cells 

gered by the sPLA 2 -IIA on microglial cells (Figure 6D), Finally, we examined whether sPLA 2 -IIA could affect 

as it previously did on sPLA 2 -IIA-enhanced cell growth. the expression levels of pro-inflammatory mediators in 



A 



128 



c 

0) 

> 

LU 



Non inhibitor 



10mMTAPI-1 





0 101 102 103 104 0 101 102 103 1 04 0 101 102 103 104 0 101 102 103 104 



128 l 

10 mM PP2 

ok A.V 



25 nM PD98059 




50 nM Rapamicina 




0 101 102 103 104 0 101 102 103 104 0 101 102 103 104 

FL1 



B 



10 Mg/ml anti- HB-EGF Ab 




p-ERK 1/2 
ERK 1/2 

P-P70S6K 
P-S6 
actio 



Control SPLA2-HA 
0 2 5 10 0 2 5 10 n g/ml anti-HB-EGF Ab 



D 



— m 1.5 



i2 I 2 0 
8 

o I 1.0 

O g 

*E ^ 

> =5 

CO o 0.0 
anthHB-EGFAb |igftnl 





2.5 10 
Control 



- 25 10 
1 ng/ml SPLA2-HA 



25 10 
lOOUI/mllFNy 



anti-HB-EGF Ab \ig/m\ 



2,5 10 
Control 



» 2.5 10 
1 ng/ml SPLA2-HA 



Figure 5 (See legend on next page.) 



Martin et al. Journal of Neuroinflammation 2012, 9:154 
http://wwwjneuroinflammation.eom/content/9/1/154 



Page 1 2 of 20 



(See figure on previous page.) 

Figure 5 Involvement of heparin-binding epidermal growth-like growth factor (HB-EGF) shedding in sPLA 2 -MA-induced a proliferative 
response. BV-2 cells were treated with the indicated inhibitors for 30 minutes at 37°C and then incubated with 1 ug/ml of sPLA 2 -IIA for 5 
minutes. (A) HB-EGF expression was analyzed by flow cytometry: untreated cells (open black curves) were compared with sPLA 2 -IIA-treated 
cells in the absence (open dark grey curves) or presence of the indicated inhibitors (open blue curves). Solid light grey curves show negative 
controls in which the primary antibody was omitted. (B, C) BV-2 cells were incubated for 30 minutes at 37°C in the presence of the indicated 
dose of an anti-HB-EGF neutralizing antibody, and then stimulated with 1 ug/ml of sPLA 2 -IIA. (B) After 15 minutes incubation, phosphorylation of 
EGFR was analyzed by flow cytometry: untreated cells are represented by open black curves, whereas sPLA 2 -IIA-treated cells both in the absence 
and in the presence of the neutralizing Ab are represented by open dark grey curves. Solid grey curves represent isotype controls. (C) After 
15 minutes, whole cell lysates were extracted and protein phosphorylation was assessed by western blotting using p-ERK, p-P70S6, p-rS6 and 
actin antibodies. Membranes also were stained with Ponceau S as a loading control. Results shown are representative of three independent 
experiments. (D) Primary and immortalized BV-2 microglial cells were stimulated as indicated in the presence or absence of an anti-HB-EGF 
neutralizing antibody. After 24 h, cell proliferation was investigated and expressed as optical density values + SD. Values are the average of three 
separate experiments in quadruplicate {*P< 0.001 compared to control cells, **P< 0.001 compared to sPLA 2 -IIA-stimulated cells). 



BV-2 microglia cells. Then, BV-2 cells were treated with 
the optimal concentration of 1 (ig/ml of sPLA 2 -IIA or 
100 Ul/ml of IFNy for 4 and 8 h, and the expression of 
COX-2 was examined in the cell lysate by western blot. 
Our results revealed that both treatments markedly 
induced the expression of the pro-inflammatory protein 
COX-2 (Figure 8A). We also measured the production 
of the cytokine TNFa using a commercial ELISA assay. 
We observed that in the supernatant of cells treated with 
sPLA 2 -IIA or IFNy for 24 h, the levels of TNFa were 
significantly enhanced, compared with untreated cells 
which did not produce TNFa spontaneously (Figure 8B). 
In contrast, the release or accumulation of anti- 
inflammatory mediators, such as IL-10 was not detected 
in any of our culture conditions (data not shown). 

Lastly, we further examined whether blockage of EGFR 
signaling at different levels, as demonstrated in previous 
sections, affects the expression of these inflammatory 
proteins induced by sPLA 2 -IIA. Figure 8C and D show 
that sPLA 2 -IIA-induced up-regulation of COX-2 and 
secretion of TNFa was significantly inhibited by the 
presence of the inhibitors AG1478, GM6001, TAPI-1 
and CMK, as well as by the polyclonal anti-HB-EGF 
antibody. Similarly, IFNy-induced COX-2 expression 
was also abrogated by the presence of the neutralizing 
anti-HB-EGF antibody. 

All these studies clearly pointed to a crucial role of 
EGFR transactivation, through MMP-mediated cleavage 
of mature forms of EGFR ligands, in the signaling and 
functional activity of the sPLA 2 -IIA. 

Discussion 

Microglia, the major cellular source and target of inflam- 
matory mediators in the CNS, are key players in neu- 
roinflammatory disorders. These cells contribute to both 
pathogenic neurodegeneration and beneficial neuropro- 
tection depending on how microglia interprets the threat 
[3,4,41]. Therefore, it is crucial to identify the various 
endogenous and exogenous factors that serve to activate 
microglia, as well as the functional responses elicited by 



them. In the present study we confirmed that exogenous 
sPLA 2 -IIA induces microglial activation, evidenced by 
increased cell proliferation, stimulation of their phagocytic 
capabilities and robust production of inflammatory media- 
tors such as COX-2 and TNFa. We used primary and 
immortalized murine microglial cells with a defective Pla2 
g2a gene, which makes them unable to produce sPLA 2 - 
IIA [14], to exclude potential actions of the endogenous 
phospholipase, since sPLA 2 -IIA may modulate different 
cell functions depending on its cellular location [42]. In 
addition, we demonstrated that sPLA 2 -IIA regulates func- 
tions of activated microglia through EGFR transactivation 
by induction of pro-HB-EGF processing via an ADAMs- 
dependent mechanism. Moreover, ERK and mTOR are 
key components of the intracellular signaling switch that 
transduce EGFR activation into the aforementioned char- 
acteristic of the activated microglia phenotype (Figure 9). 

The importance of sPLA 2 -IIA in neurodegenerative 
diseases, especially in those associated with inflamma- 
tory processes has started to emerge in recent years. 
Several studies have shown an increase in the expression 
of sPLA 2 -IIA in reactive astrocytes both in experimental 
models of cerebral ischemia and in specific regions of 
human brains in AD associated with amyloid plaques 
[11,12,18,23,26]. It has been suggested that the inter- 
action of astrocytes with Ap and other inflammatory 
stimuli, such as IL-lp or TNFa, are responsible for 
this sPLA 2 -IIA induction which could be associated in 
the early inflammatory events. Although the ability 
of sPLA 2 -IIA to affect the functional activities and the 
survival or death of astrocytes, neurons and oligoden- 
drocytes has been explored, this is the first study in 
which the effect of sPLA 2 -IIA on microglial cells has 
been addressed. Our interest in microglia owes to the 
fact that these cells, in conjunction with astrocytes, are 
responsible for coordinating inflammatory responses in 
the brain and elicit immune responses against patho- 
logical stimuli. 

Several pro-inflammatory and immunoregulatory responses 
associated with certain secreted PLA 2 types have been 
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Figure 6 sPLA 2 -IIA enhances phagocytosis on microglial cells. sPLA 2 -IIA induces fluorescein-isothiocyanate (FITC)-dextan beads uptake in 
microglial cells. BV-2 microglial cells were treated with different doses of sPLA 2 -IIA and IFNy (A), or with 1 ug/ml of different sPLA 2 isoforms (B) 
for 24 h at 37°C. Primary microglial cells were treated with 1 ug/ml of sPLA 2 -IIA and IFNy (F). Then, cells were co-incubated with FITC-dextan 
beads and quantified using a fluorescent plate reader, as detailed in Methods. Results are the average of three separate experiments in 
quadruplicate and are expressed as the mean of the fluorescent intensity values ±SD {*P< 0.001 vs. control cells). (C) Images with a Leica TCS 
SP5X confocal microscope, under a x60 oil objective, confirm that fluorescent dextran associated with BV-2 microglia is internalized by the cells 
and not only bound to the cell surface. (D) BV-2 cells were cultured in the absence or presence of 1 ug/ml of sPLA 2 -IIA or 100 Ul/ml of IFNy for 
24 h at 37°C. Then, they were incubated with FITC-dextran for 1 h and analyzed by flow cytometry. Histograms represent one experiment out of 
three. Solid grey curves represent unspecific endocytosis and open black curves endocytosis of cells cultured as indicated. (E, G) Primary and 
immortalized BV-2 microglial cells were pretreated with the indicated inhibitors for 30 minutes. Cells were then treated with 1 ug/ml of sPLA 2 -IIA 
at 37°C for 24 h followed by co-incubation with FITC-dextran for 30 minutes at 37°C. Phagocytosis was quantified using a fluorescent plate reader 
as described under Methods. Values ±SD are the average of three separate experiments in quadruplicate {*P< 0.001 vs. control cells, **P< 0.001 
compared to sPLA 2 -IIA stimulated cells). 



reported in previous studies. Thus, sPLA 2 -IIA induces 
differentiation of monocytes into monocyte-derived den- 
dritic cells or alternatively activated macrophages [36]; 
both human and bee venom type III trigger maturity of 
dendritic cells, which is accompanied by up-regulation 
of surface markers and by an increase in their migratory 
and immunostimulatory capacity [43,44], Furthermore, 
type V regulates phagocytosis on macrophages by modu- 
lating phagosome maturation [45]. sPLA 2 -IIA also 
enhances the expression of COX-2 in mast cells and pro- 
motes degranulation and cytokine release in human eosi- 
nophils, as well as up-regulation of certain surface 
activation markers [46]. In addition, sPLA 2 -IIA, IB, 
X and III elicit proliferative signals, in vitro, in several 
cell types [30,33,47-49], and type IIA has proven to be 
protective even against oxysterol-induced apoptosis in 
oligodendrocytes [50]. 

In this study we showed that sPLA 2 -IIA, as well as 
type III, IB and V, enhance the proliferative and phago- 
cytic capacity of BV-2 microglia cells to a similar extent 
as IFNy, one of the cytokines up-regulated in the brain 
in different disorders and a well-known inducer of an 
activated state in microglial cells. Focusing on type IIA 
actions, two kind of phagocytosis have been evaluated: 
phagocytosis of inert particles (as a measure of non- 
specific phagocytosis) and of apoptotic cells (as a meas- 
ure of disease-relevant processes of phagocytosis). The 
ability of microglia to phagocytose inert material and 
apoptotic cells is critical for the clearance of pathogen/ 
cell debris and dead cells under pathological conditions. 
We demonstrated that sPLA 2 -IIA increases the uptake 
of apoptotic Jurkat T cells as well as dextran beads, thus 
indicating that sPLA 2 -IIA from the microenvironment 
might contribute to the innate immune response on the 
CNS by modulating the phagocytic efficiency of micro- 
glial cells. These findings are in concordance with the 
responses reported for other CNS soluble factors, in- 
cluding IFNy, as well as for various secreted sPLA 2 s on 
other myeloid-lineage cells [36,43,44]. 



To our knowledge, there are no studies, either in vivo 
or in vitro, describing production and secretion of sPLA 2 - 
IIA by microglial cells, while astrocytes have been identi- 
fied as a key cellular source of sPLA 2 -IIA in the CNS 
under different pathological conditions [11,12,18,23,51]. 
Therefore, we propose that the sPLA 2 -IIA, once released 
by astrocytes, might act on the microglia, in a paracrine 
manner, to promote microglial activation and to further 
stimulate phagocytosis and production of inflammatory 
mediators such TNFa or COX-2 , thereby affecting the 
inflammatory environment of the brain and contributing 
to additional neuronal cell damage. 

These results have led us to question the possible mechan- 
isms - signaling molecules and receptors - underlying 
the functional effects of sPLA 2 -IIA. It has previously 
been reported that the biological activities induced by 
sPLA 2 s can be dependent on both enzymatic and none- 
nzymatic mechanisms. Whereas the ability of types X 
and III to stimulate cell growth has been found to be 
mostly dependent on their intrinsic catalytic activity, 
the mitogenic response induced by type IB and IIA 
seems to be unrelated to its enzymatic activity. Both an 
integrin-dependent [30] and an EGFR-dependent path- 
way [29] have been characterized as new sPLA 2 -IIA pu- 
tative signaling mechanisms. In this study, we found that 
sPLA 2 -IIA induced a phenotype of activated microglia in 
BV-2 cells which is linked to the activation of the clas- 
sical MAPK/ERK and mTOR/P70S6K pathways through 
MMP-dependent ectodomain shedding of the transmem- 
brane precursor pro-HB-EGF and subsequent transacti- 
vation of the EGFR. 

The EGFR is expressed ubiquitously in the mammalian 
brain, being detected in neurons and glia cells [40,52], It 
has been hypothesized that EGFR activation is a master 
signal transduction pathway of the cellular activation 
process in response to different brain injuries and causes 
the characteristics of the reactive astrocyte/microglia 
phenotype [53-55]. Thus, activation of the EGFR path- 
way is responsible for the hypertrophy, proliferation and 
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Figure 7 sPLA 2 -IIA induces efferocytosis in BV-2 cells. BV-2 cells were treated with 1 ug/ml of sPLA 2 -IIA or 100 Ul/ml IFNy for 24 h at 37°C, 
exposed to Prl-labelled apoptotic Jurkat cells for 2 h, and then stained with an anti-PE-CD68 antibody, as described under Methods. (A) 
Phagocytosis was analyzed by flow cytometry. FL2 fluorescence (left) shows BV-2 cells expressing CD68. The bar marks the population of BV-2 
cells which was gated for detection of Prl-apoptotic cell uptake. FL3 fluorescence (right) shows the red fluorescence (Prl-apoptotic cells) in 
PE-CD68-labelled cells (on the gated BV-2 cells). As a measure of the phagocytosed cells, MIF values are shown. (B) Phagocytosis was also studied 
by confocal microscopy (final magnification x60). Co-cultures of Prl-apoptotic cells with either resting or stimulated BV-2 cells were fixed and 
stained with Alexa-fluor-CD1 1b and DAPI. Laser confocal images confirm that fluorescent apoptotic cells associated with BV-2 microglia are 
internalized by the cells and not only bound to the cell surface. (C) Confocal images with reconstructed orthogonal projections presented as 
viewed in the x-z plane (bottom) and y-z plane (right): Fluorescent apoptotic cells (stained with Prl) are shown to be internalized by BV-2 
microglia. (DAPI-labelled nuclei, blue). Scale bars: 10 urn in sPLA2-treated cells, and 7.5 urn in IFNy-treated cells. (D) BV-2 cells were treated with 
the indicated inhibitor for 30 minutes before sPLA 2 -IIA stimulation and mixing with the apoptotic cells. Phagocytosis was analyzed as in (A). In all 
the histograms, the solid grey curve represent the resting/control cells. The results are representative of three independent experiments. 



migration of reactive astrocytes, and perhaps of activated 
microglia, at the site of neural injury [40,56,57]. We have 
herein showed that sPLA 2 -IIA induces a sustained EGFR 
phosphorylation at Tyr 1176 and Tyr 845 residues 
that is abolished or diminished in the presence of the 
selective EGFR inhibitor, AG 1478. To understand the 
mechanisms by which phospholipase causes EGFR phos- 
phorylation, we used a general matrix metalloprotease 
inhibitor (GM6001) and an ADAMs inhibitor (TAPI-1), 
which are known to block the proteolytic cleavage of 
various membrane-anchored EGFR pro-ligands such as 
pro-EGF, pro-TGFa, pro-HB-EGF, and pro-amphiregulin. 
We have found that the presence of these inhibitors 
blocked the effect of sPLA 2 -IIA on EGFR phosphorylation 
as well as on ectodomain shedding of HB-EGF, suggesting 
a possible role of ADAMs and HB-EGF in sPLA 2 -IIA- 
induced EGFR transactivation. Although it is possible that 
other EGFR ligands could be also involved in sPLA 2 -IIA- 
induced EGFR transactivation, the fact that the presence 
of a HB-EGF-neutralizing Ab prevented the molecular 
and biological effects of the phospholipase suggests that 
HB-EGF plays a major role in the response induced by 
the sPLA 2 -IIA. We focused mainly on HB-EGF because 
of the extensive literature showing its role in cell survival 
and proliferation, both in vivo and in vitro [58-61]. 
Whether the remnant C-terminal fragment generated, 
HB-EGF-CTF, translocates to the nucleus and plays any 
role in sPLA 2 -IIA signaling should be investigated in 
greater detail in the future. Interestingly, transactivation 
of EGFR upon microglial stimulation with IFNy also 
involves HB-EGF shedding, and is critical for the mito- 
genic and pro -inflammatory activity of this cytokine. This 
cross-talk mechanism between different signaling systems 
allows the integration of the great diversity of stimuli and 
supports the key role of the EGFR in diverse pathophysio- 
logical disorders. 

Additionally, we showed that sPLA 2 -IIA induces rapid 
phosphorylation on Src at Tyr 416, and by using the 
selective inhibitor PP2 we demonstrated that Src partici- 
pates in both HB-EGF shedding and EGFR phosphoryl- 
ation at Tyr 845 and at Tyr 1173. Likewise, as already 



mentioned, EGFR phosphorylation at Tyr 845 (a Src 
phosphorylation site) is also diminished by MMP inhibi- 
tors, which indicates that products of MMPs are necessary 
for Src-mediated phosphorylation of EGFR at Tyr-845. 
Thus, it raises the possibility that EGFR ligands generated 
by MMP-mediated cleavage of membrane precursors col- 
laborate with Src kinases in promoting sPLA 2 -IIA-induced 
EGFR transactivation. Therefore, our results suggest that 
Src contributes to sPLA 2 -IIA-induced EGFR transactiva- 
tion at various steps: Src may serve as an upstream com- 
ponent of EGFR transactivation by phosphorylating Tyr 
845 directly and indirectly by a MMPs/ADAMs/HB- 
EGF-dependent mechanism. These findings are consist- 
ent with abundant evidence indicating that external 
stimuli can transactivate EGFR in complex Src- 
dependent signaling [62-64]. Further studies are required 
to clarify the precise role of Src in this system, as well as 
to determine which member(s) of the family (Src, Fyn, 
and Yes) is involved in sPLA 2 -IIA-induced EGFR trans- 
activation and BV-2 cells activation. It is possible that a 
particular member is involved in HB-EGF shedding and 
another one in EGFR phosphorylation at Tyr 845. 

In contrast to Src signaling, sPLA 2 -IIA-activated 
MEK/ERK/MAPK and mTOR/P70S6K signaling path- 
ways effectively seem to be downstream of EGFR trans- 
activation. Thus, whereas the experimental conditions 
that affect HB-EGF release and EGFR phosphorylation 
abrogate phosphorylation of ERK, P70S6K and rS6, the 
presence of the specific inhibitors PD98059 (for MEK), 
or rapamicin (for mTOR) scarcely affects sPLA 2 -IIA- 
stimulated HB-EGF shedding and EGFR phosphoryl- 
ation. In addition, our data suggest a complex, not 
linear, signaling network involving these two cascades, as 
the inhibition of any of those pathways prevents sPLA 2 - 
IIA-promoted activation of BV-2 microglia cells. It has 
been described that both pathways cross-talk extensively 
and may regulate each other both positively and nega- 
tively [65]. mTOR can be considered a key node of these 
complex signaling cascades, and exists as two different 
entities: the raptor-mTOR complex and the rictor- 
mTOR complex. Thus, it has been reported that 



Martin et al. Journal of Neuroinflammation 2012, 9:154 
http://wwwjneuroinflammation.eom/content/9/1/154 



Page 1 7 of 20 



B 



sPLA2-"A IFNy 
0 4 8- 



COX-2 



actin 



8 




Control IFNy SPURIA 



COX-2 
actin 



Control SPLA2-IIA 

- 5 ~ -- 2 5 5 - - nMAG1478 

- - 1QQ - - - 50 100 uM GM6001 



D 



2000 - 



Control >PLA2-HA 

- 20 10 20 - - mM TAP 1-1 

^_50---3050 11M CMK 



COX-2 



Control SPLA2 MA 



COX 2 



0 2 5 10 0 2 5 10 ng/ml anti HB EGF 




Control 



Control IFNy 



0 2 5 10 0 2 5 10 vam ant. HB EGF 



COX-2 




SPLA2-UA 



Figure 8 sPLA 2 -MA exhibits pro-inflammatory actions by stimulating TNFa and cycloxygenase-2 (COX-2) protein expression. BV-2 
microglial cells were incubated with 1 ug/ml of sPLA 2 -IIA or 100 Ul/ml IFNy at 37°C (A) After 4 and 8 h of stimulation, COX-2 expression was 
identified in the cell lysated by western blot. Membranes were also stained with Ponceau S as a loading control. (B) After 24 h, the presence 
of TNFa in the cell culture medium was quantified by commercial ELISA. In some experiments, COX-2 expression (C) and TNFa secretion (D) was 
evaluated from cells pretreated with the indicated inhibitors. Results shown are representative of three independent experiments. (*P< 0.001 vs. 
control cells, **P< 0.001 vs. sPLA 2 -IIA-treated cells). 



phosporylation of P70S6K and its substrate, rS6, can take 
place in a rapamycin-dependent manner [66,67], or inde- 
pendently of mTOR, being Akt, ERK and even phospha- 
tide acid, direct upstream effector molecules [68,69]. 
Moreover, inhibition of the raptor-mTOR complex 
can trigger activation of the ERK/MAPK cascade, while 
inhibition of the rictor-mTOR complex inhibits Akt and 



ERK phosphorylation [70]. We have found that rapamy- 
cin, as well as PD98059, at concentrations that diminish 
or even suppress the proliferative and fagocytic capabil- 
ities of sPLA 2 -IIA-activated BV-2 cells, also suppress 
phosphorylation of ERK, P70S6K and rS6. In this study 
there was no attempt to investigate more deeply the 
effect of sPLA 2 -IIA on the sequential activation of these 
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Figure 9 Schematic representation of the signaling pathways 
involved in sPLA 2 -IIA-induced activation of microglial 
cells. sPLA 2 -IIA, via Src-dependent activation, stimulates the 
shedding of the epidermal growth factor receptor (EGFR) ligand, 
heparin-binding-EGF, which in turn activates the EGFR. Phosphorylated 
EGFR results in activation of ERK and Akt/mTOR pathways, and the 
whole cascade stimulates microglia proliferation and augments their 
phagocytic activity. 



signaling proteins or the cross-talk between the raptor- 
mTOR/rictor-mTOR complexes. However, the relation- 
ship between these signaling pathways certainly deserves 
further, independent study due to the complex link exist- 
ing between their components. 

Conclusions 

In conclusion, our results reveal that sPLA 2 -IIA activates 
primary and immortalized BV-2 microglia cells; EGFR 
plays a key role as a critical regulator of this sPLA 2 -IIA- 
mediated effect, and also indicates that shedding of pro- 
HB-EGF is a crucial step in this response. Accordingly, 
the possibility that sPLA 2 -IIA may affect immune system 
function in the CNS in certain pathologies should be 
carefully considered. 



Abbreviations 

A(3: (3-amyloid; ADAM: A disintegrin and metalloproteinase; AD: Alzheimer's 

disease; CMK: Chloromethylketone; CNS: Central nervous system; COX- 

2: Cycloxygenase-2; DAPI: 4',6-diamidino-2-phenylindole; DMEM: Dulbecco's 

modified Eagle's medium; ELISA: Enzyme-linked immunosorbent assay; 

EGFR: Epidermal growth factor receptor; FCS: Fetal calf serum; 

FITC: Fluorescein-isothiocyanate; BB-EGF: Heparin-binding epidermal growth 

factor; hr-sPLA 2 -IIA: Secreted phospholipase A 2 -IIA human recombinant 

enzyme; IFNy: Interferon-y; IgG: Immunoglobulin; IL: Interleukin; 

LPS: Lipopolysaccharide; MMP: Metalloproteinase; OD: Optical density; 

PBS: Phosphate-buffered saline; Prl: Propidium iodine; PE: Phycoerythrin; pro- 

HB-EGF: Heparin-binding EGF-like growth factor; sPLA 2 -IIA: Secreted 



phospholipase A 2 -IIA; TNFa: Tumor necrosis factor-a; TAPI-1: TNFa proteinase 
inhibitor-1; TTBS: Tris-Tween buffered saline; TGF: Transforming growth factor. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

RM and CC carried out the experiments and contributed to the manuscript. 
MLN designed the study, coordinated the experiments, analyzed data, 
prepared the figures, and contributed to the manuscript. All authors have 
read and approved the final version of the manuscript. 

Acknowledgments 

We thank C Sanchez for assistance with confocal microscoy and Ml Cabero 
for her valuable technical support. We also thank Dr J Saura, from the 
University of Barcelona, for his assistance in primary cultured microglia, and 
A DeMarco for his editorial assistance. This work was supported by grants 
SAF2009-08407 from the Spanish Ministry of Science and Innovation, and 
CSI1 1 A08 from the Government of Castilla y Leon. Claudia Cordova was 
funded by the FPI Program from the Government of Castilla y Leon (co- 
funded by FSE). 

Author details 

1 Instituto de Biologia y Genetica Molecular (IBGM), CSIC-UVa, Valladolid, 
Spain. 2 ICICOR, Hospital Clinico, Valladolid, Spain. 

Received: 7 December 201 1 Accepted: 4 June 2012 
Published: 2 July 2012 

References 

1. Hanisch UK, Kettenmann H: Microglia: active sensor and versatile effector 
cells in the normal and pathologic brain. Not Neurosci 2007, 10:1387-1394. 

2. Gonzalez-Scarano F, Baltuch G: Microglia as mediators of inflammatory 
and degenerative diseases. Annu Rev Neurosci 1999, 22:219-240. 

3. Liu B, Hong JS: Role of microglia in inflammation-mediated 
neurodegenerative diseases: mechanisms and strategies for therapeutic 
intervention. J Pharmacol Exp Ther 2003, 304:1-7. 

4. Minghetti L: Role of inflammation in neurodegenerative diseases. 
Curr Opin Neurol 2005, 18:315-321. 

5. Pavese N, Gerhard A, Tai YF, Ho AK, Turkheimer F, Barker RA, Brooks DJ, 
Piccini P: Microglial activation correlates with severity in Huntington 
disease: a clinical and PET study. Neurology 2006, 66:1638-1643. 

6. Sauvageau A, Desjardins P, Lozeva V, Rose C, Hazell AS, Bouthillier A, 
Butterwort RF: Increased expression of "peripheral-type" benzodiazepine 
receptors in human temporal lobe epilepsy: implications for PET 
imaging of hippocampal sclerosis. Metab Brain Dis 2002, 17:3-1 1. 

7. Schlachetzki JCM, Hull M: Microglial activation in Alzheimer's disease. 
Curr Alzheimer Res 2006, 3:1 91 -1 95. 

8. Shepherd CE, Goyette J, Utter V, Rahimi F, Yang Z, Geczy CL, Halliday GM: 
Inflammatory S100A9 and S100A12 proteins in Alzheimer's disease. 
Neurobiol Aging 2006, 27:1554-1563. 

9. Du Yan S, Zhu H, Fu J, Yan SF, Roher A, Tourtellotte WW, Rajavashisth T, 
Chen X, Godman GC, Stern D, Schmidt AM: Amyloid-beta peptide-receptor 
for advanced glycation endproduct interaction elicits neuronal 
expression of macrophage-colony stimulating factor: a proinflammatory 
pathway in Alzheimer disease. Proc Natl Acad Sci USA 1997, 94:5296-5301. 

10. Yasojima K, Schwab C, McGeer EG, McGeer PL: Human neurons generate 
C-reactive protein and amyloid P: upregulation in Alzheimer's disease. 
Brain Res 2000, 887:80-89. 

11. Chalbot S, Zetterberg H, Blennow K, Fladby T, Grundke-lqbal I, Iqbal K: 
Cerebrospinal fluid secretory Ca2 + -dependent phospholipase A2 
activity is increased in Alzheimer disease. Clin Chem 2009, 55:2171-2179. 

12. Moses GS, Jensen MD, Lue LF, Walker DG, Sun AY, Simonyi A, Sun GY: 
Secretory PLA2-IIA: a new inflammatory factor for Alzheimer's disease. 
J Neuroinflammation 2006, 3:28. 

13. Farooqui AA, Horrocks LA: Phospholipase A2-generated lipid mediators in 
the brain: the good, the bad, and the ugly. Neuroscientist 2006, 12:245-260. 

14. Sun GY, Xu J, Jensen MD, Simonyi A: Phospholipase A2 in the central 
nervous system: implications for neurodegenerative diseases. J Lipid Res 
2004, 45:205-213. 



Martin et al. Journal of Neuroinflammation 2012, 9:154 
http://wwwjneuroinflammation.eom/content/9/1/154 



15. Matsuzawa A, Murakami M, Atsumi G, Imai K, Prados P, Inoue K, Kudo I: 
Release of secretory phospholipase A2 from rat neuronal cells and its 
possible function in the regulation of catecholamine secretion. Biochem J 

1996,318:701-710. 

16. Kolko M, DeCoster MA, de Turco EB, Rodriguez, Bazan NG: Synergy by 
secretory phospholipase A2 and glutamate on inducing cell death and 
sustained arachidonic acid metabolic changes in primary cortical 
neuronal cultures. J Biol Chem 1996, 271:32722-32728. 

17. Rodriguez De Turco EB, Jackson FR, DeCoster MA, Kolko M, Bazan NG: 
Glutamate signalling and secretory phospholipase A2 modulate the 
release of arachidonic acid from neuronal membranes. J Neurosci Res 
2002, 68:558-567. 

18. Lauritzen I, Heurteaux C, Lazdunski M: Expression of group II 
phospholipase A2 in rat brain after severe forebrain ischemia and in 
endotoxic shock. Brain Res 1994, 651:353-356. 

19. Yagami T, Ueda K, Asakura K, Hata S, Kuroda T, Sakaeda T, Takasu N, 
Tanaka K, Gemba T, Hori Y: Human group IIA secretory phospholipase A2 
induces neuronal cell death via apoptosis. Mol Pharmacol 2002, 
61:114-126. 

20. Masuda S, Yamamoto K, Hirabayashi T, Ishikawa Y, Ishii T, Kudo I, 
Murakami M: Human group III secreted phospholipase A2 promotes 
neuronal outgrowth and survival. Biochem J 2008, 409:429-438. 

21. Crowl RM, Stoller TJ, Conroy RR, Stoner CR: Induction of phospholipase-A2 
gene expression in human hepatoma cells by mediators of the acute 
phase response. J Biol Chem 1991, 266:2647-2651. 

22. Qu XD, Lehrer Rl: Secretory phospholipase A2 is the principal bactericide 
for staphylococci and other gram-positive bacteria in human tears. Infect 
Immun 1998, 66:2791-2797. 

23. Adibhatla R, Hatcher J: Secretory phospholipase A2 IIA is up-regulated by 
TNFalpha and IL-1 alpha/beta after transient focal cerebral ischemia in 
rat. Brain Res 2007, 1 134:199-205. 

24. Titsworth WL, Cheng X, Ke Y, Deng L, Burckardt KA, Pendleton C, Liu NK, 
Shao H, Cao QL, Xu XM: Differential expression of sPLA2 following spinal 
cord injury and a functional role for sPLA2-IIA in mediating 
oligodendrocyte death. Glia 2009, 57:1521-1537. 

25. Cunningham TJ, Souayah N, Jameson B, Mitchell J, Yao L: Systemic 
treatment of cerebral cortex lesions in rats with a new secreted 
phospholipase A2 inhibitor. J Neurotrauma 2004, 21:1683-1691. 

26. Lin TN, Wang Q, Simonyi A, Chen JJ, Cheung WM, He YY, Xu J, Sun AY, 
Hsu CY, Sun GY: Induction of secretory phospholipase A2 in reactive 
astrocytes in response to transient focal cerebral ischemia in the rat 
brain. J Neurochem 2004, 90:637-645. 

27. Beck S, Lambeau G, Scholz-Pedretti K, Gelb MH, Janssen MJ, Edwards SH, 
Wilton DC, Pfeilschifter J, Kaszkin M: Potentiation of TNFalpha-induced 
SPLA2-IIA expression in mesangial cells by an autocrine loop involving 
secreted phospholipase A2 and PPARalpha activation. J Biol Chem 2003, 
278:29799-29812. 

28. Martin R, Hernandez M, Ibeas E, Fuentes L, Salicio V, Ames M, Nieto ML: 
Secreted phospholipase A2-IIA modulates key regulators of proliferation 
on astrocytoma cells. J Neurochem 2009, 1 1 1 :988-999. 

29. Hernandez M, Martin R, Garcia-Cubillas MD, Maeso-Hernandez P, Nieto ML: 
Secreted PLA2 induces proliferation in astrocytoma through the EGF 
receptor: another inflammation-cancer link. Neuro Oncol 2010, 12:1014-1023. 

30. Saegusa J, Akakura N, Wu CY, Hoogland C, Ma Z, Lam KS, Liu FT, Takada YK, 
Takada Y: Pro-inflammatory secretory phospholipase A2 type IIA binds to 
integrins alphavbeta3 and alpha4beta1 and induces proliferation of 
monocytic cells in an integrin-dependent manner. J Biol Chem 2008, 
283:26107-26115. 

31. Valentin E, Lambeau G: Increasing molecular diversity of secreted 
phospholipases A2 and their receptors and binding proteins. Biochim 
Biophys Acta 2000, 1488:59-70. 

32. Pernas P, Masliah J, Olivier JL, Salvat C, Bereziat G: Type II phospholipase 
A2 recombinant overexpression enhances stimulated arachidonic acid 
release. Biochem Biophys Res Commun 1991, 178:1298-1305. 

33. Hernandez M, Burillo SL, Crespo MS, Nieto ML: Secretory phospholipase A2 
activates the cascade of mitogen-activated protein kinases and cytosolic 
phospholipase A2 in the human astrocytoma cell line 1321 N1. J Biol 
Chem 1998, 273:606-612. 

34. Saura J, Tusell JM, Serratosa J: High-yield isolation of murine microglia by 
mild trypsinization. Glia 2003, 44:183-189. 



Page 1 9 of 20 



35. Deugnier MA, Faraldo MM, Janji B, Rousselle P, Thiery JP, Glukhova MA: EGF 
controls the in vivo developmental potential of a mammary epithelial 
cell line possessing progenitor properties. Cell Biol 200, 159:453-463. 

36. Ibeas E, Fuentes L, Martin R, Hernandez M, Nieto ML: Secreted 
phospholipase A2 type IIA as a mediator connecting innate and 
adaptive immunity: new role in atherosclerosis. Cardiovasc Res 2009, 
81:54-63. 

37. Koenigsknecht J, Landreth G: Microglial phagocytosis of fibrillar 
beta-amyloid through a betal integrin-dependent mechanism. J Neurosci 
2004, 24:9838-9846. 

38. Koenigsknecht-Talboo J, Landreth GE: Microglial phagocytosis induced 
by fibrillar beta-amyloid and IgGs are differentially regulated by 
proinflammatory cytokines. J Neurosci 2005, 25:8240-8249. 

39. Smith AM, Gibbons HM, Dragunow M: Valproic acid enhances microglial 
phagocytosis of amyloid-beta(1-42). Neuroscience 2010, 169:505-515. 

40. Nolte C, Kirchhoff F, Kettenmann H: Epidermal growth factor is a motility 
factor for microglial cells in vitro: evidence for EGF receptor expression. 
Eur J Neurosci 1 997, 9:1 690-1 698. 

41. Butovsky O, Talpalar AE, Ben-Yaakov K, Schwartz M: Activation of microglia 
by aggregated beta-amyloid or lipopolysaccharide impairs MHC-II 
expression and renders them cytotoxic whereas IFN-gamma and IL-4 
render them protective. Mol Cell Neurosci 2005, 29:381-393. 

42. Mounier CM, Ghomashchi F, Lindsay MR, James S, Singer AG, Parton RG, 
Gelb MH: Arachidonic acid release from mammalian cells transfected 
with human groups IIA and X secreted phospholipase A(2) occurs 
predominantly during the secretory process and with the involvement 
of cytosolic phospholipase A(2)-alpha. J Biol Chem 2004, 279:25024-25038. 

43. Ramoner R, Putz T, Gander H, Rahm A, Bartsch G, Schaber C, Thurnher M: 
Dendritic-cell activation by secretory phospholipase A2. Blood 2005, 
105:3583-3587. 

44. Perrin-Cocon L, Agaugue S, Coutant F, Masurel A, Bezzine S, Lambeau G, 
Andre P, Lotteau V: Secretory phospholipase A2 induces dendritic cell 
maturation. Eur J Immunol 2004, 34:2293-2302. 

45. Balestrieri B, Arm JP: Group V sPLA2: classical and novel functions. Biochim 
Biophys Acta 2006, 1761:1 280-1 288. 

46. Triggiani M, Granata F, Balestrieri B, Petraroli A, Scalia G, Del Vecchio L, 
Marone G: Secretory phospholipases A2 activate selective functions in 
human eosinophils. J Immunol 2003, 170:3279-3288. 

47. Specty O, Pageaux JF, Dauca M, Lagarde M, Laugier C, Fayard JM: Control 
of cell proliferation via transduction of sPLA(2)-l activity and possible 
PPAR activation at the nuclear level. FEBS Lett 2001, 490:88-92. 

48. Surrel F, Jemel I, Boilard E, Bollinger JG, Payre Ch, Mounier CM, Talvinen KA, 
Laine VJO, Nevalainen TJ, Gelb MH, Lambeau G: Group X Phospholipase A2 
Stimulates the Proliferation of Colon Cancer Cells by Producing Various 
Lipid Mediators. Mol Pharmacol 2009, 76:778-790. 

49. Murakami M, Masuda S, Shimbara S, Ishikawa Y, Ishii T, Kudo I: Cellular 
distribution, post-translational modification, and tumorigenic potential 
of human group III secreted phospholipase A2. J Biol Chem 2005, 
280:24987-24998. 

50. Trousson A, Bernard S, Petit PX, Liere P, Pianos A, El Hadri K, Lobaccaro JM, 
Ghandour MS, Raymondjean M, Schumacher M, Massaad C: 25- 
hydroxycholesterol provokes oligodendrocyte cell line apoptosis and 
stimulates the secreted phospholipase A2 type IIA via LXR beta and PXR. 
J Neurochem 2009, 109:945-958. 

51. Sheng W, Zong Y, Mohammad A, Ajit D, Cui J, Han D, Hamilton JL, Simonyi 
A, Sun AY, Gu Z, Hong JS, Weisman GA, Sun GY: Pro-inflammatory 
cytokines and lipopolysaccharide induce changes in cell morphology, 
and upregulation of ERK1/2, iNOS and sPLA 2 -IIA expression in astrocytes 
and microglia. J Neuroinflammation. 201 1 , 8:1 21 . 

52. Ferrer I, Alcantara S, Ballabriga J, Olive M, Blanco R, Rivera R, Carmona M, 
Berruezo M, Pitarch S, Planas AM: Transforming growth factor-a (TGF-a) 
and epidermal growth factor receptor (EGF-R) immunoreactivity in 
normal and pathologic brain. Prog Brain Res 1996, 49:99-123. 

53. Planas AM, Justicia C, Soriano MA, Ferrer I: Epidermal growth factor 
receptor in proliferating reactive glia following transient focal 
ischemia in the rat brain. Glia 1998, 23:120-129. 

54. Rio C, Perez-Cerda F, Matute C, Nieto-Sampedro M: Preparation of a 
monoclonal antibody to a glycidic epitope of the epidermal growth 
factor receptor that recognizes inhibitors of astrocyte proliferation and 
reactive microglia. J Neurosci Res 1995, 40:776-786. 



Martin et al. Journal of Neuroinflammation 2012, 9:154 
http://wwwjneuroinflammation.eom/content/9/1/154 



Page 20 of 20 



55. 



56. 



57. 



58. 



59. 



60. 



62. 



63. 



64. 



65. 



66. 



67. 



69. 



70. 



Libermann TA, Razon N, Bartal AD, Yarden Y, Schlessinger J, Soreq H: 
Expression of epidermal growth factor receptors in human brain tumors. 

Cancer Res 1 984, 44:753-760. 

Liu B, Chen H, Johns TG, Neufeld AH: Epidermal growth factor receptor 

activation: an upstream signal for transition of quiescent astrocytes into 

reactive astrocytes after neural injury. J Neurosci 2006, 26:7532-7540. 

Codeluppi S, Svensson CI, Hefferan MP, Valencia F, Silldorff MD, Marsala M, 

Pasquale EB: The Rheb-mTOR pathway is upregulated in reactive 

astrocytes of the injured spinal cord. J Neurosci 2009, 29:1093-1 104. 

Oyagi A, Morimoto N, Hamanaka J, Ishiguro M, Tsuruma K, Shimazawa M, 

Hara H: Forebrain specific heparin-binding epidermal growth factor-like 

growth factor knockout mice show exacerbated ischemia and 

reperfusion injury. Neuroscience 201 1, 185:1 16-124. 

Canta rella C, Cayre M, Magalon K, Durbec P: Intranasal HB-EGF 

administration favors adult SVZ cell mobilization to demyelinated lesions 

in mouse corpus callosum. Dev Neurobiol 2008, 68:223-236. 

Komblum HI, Zurcher SD, Werb Z, Derynck R, Seroogy KB: Multiple trophic 

actions of heparin-binding epidermal growth factor (HB-EGF) in the 

central nervous system. Eur J Neurosci 1999, 1 1:3236-3246. 

Farkas LM, Krieglstein K: Heparin-binding epidermal growth factor-like 

growth factor (HB-EGF) regulates survival of midbrain dopaminergic 

neurons. J Neural Transm 2002, 109:267-277. 

Luo L, Yano N, Luo JZ: The molecular mechanism of EGF receptor 

activation in pancreatic beta-cells by thyrotropin-releasing hormone. 

Am J Physiol Endocrinol Metab 2006, 290:E889-899. 

Pierce KL, Tohgo A, Ahn S, Field ME, Luttrell LM, Lefkowitz RJ: Epidermal 

growth factor (EGF) receptor-dependent ERK activation by G 

protein-coupled receptors: a co-culture system for identifying 

intermediates upstream and downstream of heparin-binding EGF 

shedding. J Biol Chem 2001, 276:23155-2360. 

Hsieh HL, Sun CC, Wang TS, Yang CM: PKC-delta/c-Src-mediated EGF 

receptor transactivation regulates thrombin-induced COX-2 expression 

and PGE(2) production in rat vascular smooth muscle cells. Biochim 

BiophysActa 2008, 1783:1563-1575. 

Mendoza MC, Er EE, Blenis J: The Ras-ERK and PI3K-mTOR pathways: 
cross-talk and compensation. Trends Biochem Sci 201 1, 36:320-328. 
Gao N, Flynn DC, Zhang Z, Zhong XS, Walker V, Liu KJ, Shi X, Jiang BH: 
G1 cell cycle progression and the expression of G1 cyclins are regulated 
by PI3K/AKT/mTOR/p70S6K1 signaling in human ovarian cancer cells. 
Am J Physiol Cell Physiol 2004, 287:C281 -C291 . 

Ishizuka Y, Kakiya N, Nawa H, Takei N: Leucine induces phosphorylation 

and activation of p70S6K in cortical neurons via the system L amino 

acid transporter. J Neurochem 2008, 106:934-942. 

Lehman N, Ledford B, Di Fulvio M, Frondorf K, McPhail LC, Gomez- 

Cambronero J: Phospholipase D2-derived phosphatide acid binds to and 

activates ribosomal p70 S6 kinase independently of mTOR. FASEB J 2007, 

21:1075-1087. 

Riemenschneider MJ, Betensky RA, Pasedag SM, Louis DN: Akt activation in 
human glioblastomas enhances proliferation via TSC2 and S6 kinase 
signaling. Cancer Res 2006, 66:5618-5623. 

Chen XG, Liu F, Song XF, Wang ZH, Dong ZQ, Hu ZQ, Lan RZ, Guan W, 
Zhou TG, Xu XM, Lei H, Ye ZQ, Peng EJ, Du LH, Zhuang QY: Rapamycin 
regulates Akt and ERK phosphorylation through mTORG and mTORC2 
signaling pathways. Mol Carcinog 2010, 49:603-610. 



doi:1 0.1 1 86/1 742-2094-9-1 54 

Cite this article as: Martin et al.: Secreted phospholipase A 2 -IIA-induced 
a phenotype of activated microglia in BV-2 cells requires epidermal 
growth factor receptor transactivation and proHB-EGF shedding. Journal 
of Neuroinflammation 201 2 9:1 54. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



